Understanding taste processing in the nervous system is a fundamental challenge of modern neuroscience. Recent research on the neural bases of taste coding in invertebrates and vertebrates allows discussion of whether labelled-line or across-fibre pattern encoding applies to taste perception. While the former posits that each gustatory receptor responds to one stimulus or a very limited range of stimuli and sends a direct 'line' to the central nervous system to communicate taste information, the latter postulates that each gustatory receptor responds to a wider range of stimuli so that the entire population of taste-responsive neurons participates in the taste code. Tastes are represented in the brain of the fruitfly and of the rat by spatial patterns of neural activity containing both distinct and overlapping regions, which are in accord with both labelled-line and acrossfibre pattern processing of taste, respectively. In both animal models, taste representations seem to relate to the hedonic value of the tastant (e.g. palatable versus non-palatable). Thus, although the labelled-line hypothesis can account for peripheral taste processing, central processing remains either unknown or differs from a pure labelled-line coding. The essential task for a neuroscience of taste is, therefore, to determine the connectivity of taste-processing circuits in central nervous systems. Such connectivity may determine coding strategies that differ significantly from both the labelled-line and the across-fibre pattern models.
INTRODUCTION: BASIC MODELS OF TASTE ENCODING
A concept that has guided much taste research is the notion that taste is organized in basic categories that correspond to neuron types narrowly tuned to a single stimulus quality [1, 2] . This idea is the basis of the labelled-line theory, which posits that each gustatory receptor neuron is highly specific, responds to one stimulus or a very limited range of stimuli and sends a direct 'line' to the central nervous system to communicate information about this (or those) particular taste(s) ( figure 1 ). An alternative view is proposed by the across-fibre pattern theory [3, 4] in which individual gustatory receptor neurons are not exclusively labelled for a particular sensation but cooperate with other gustatory receptor neurons in the ensemble to provide a 'fingerprint' or neural pattern for the taste. In this case, each gustatory receptor neuron is less specific and responds to a wider range of stimuli; the entire population of taste-responsive neurons participates in the taste code (figure 1).
Labelled-line processing has the advantage of providing very precise knowledge about a limited number of tastes because each separate channel is dedicated to one taste. On the other hand, it cannot code, given the natural constraints of neural systems (e.g. number of neurons), all possible tastes in the environment. Labelled-line processing is therefore a good system for detecting and recognizing a given stimulus with a crucial biological value for the animal, but not for general taste coding. Conversely, the combinatorial across-fibre processing can code a much higher number of tastes with the same number of gustatory receptor neurons. Individual receptor neurons have broad, overlapping response patterns (i.e. they are broadly tuned) so that an individual fibre is non-specific, but collectively, the pattern of activity across multiple receptor neurons is unique for a given stimulus. These two opposing views are well represented by Scott [5] and Yarmolinsky et al. [6] , who defend labelled-line coding, and by Smith & St John [7] , who defend across-fibre pattern coding. It seems to us that considering important novel findings on neural processing of taste both in vertebrates and invertebrates can enlighten this debate.
In these considerations, a critical question is how perceptual taste sensations arise in the central nervous system [8] , or what are the neural mechanisms allowing a given label to be assigned to a taste. In colour vision, for instance, explaining colour sensations on the pure basis of photoreceptor excitations is obviously senseless, as we know that the basis for colour sensations resides in the existence of colour opponent neurons [9] [10] [11] , which impose a subtractive interaction upon photoreceptor inputs and which are present both in vertebrates and invertebrates capable of colour vision [11, 12] . Thus, it is not the receptor signal which is relevant, but the kind of interaction that is imposed upon such receptor input in the neural networks that process tastes upstream of the receptor level. The critical question is, therefore, which kind of processing (i.e. which kind of receptor interaction) is imposed to information coming from taste receptors at the central level. Answering this question may allow deciding whether or not the labelled line or the across-fibre pattern hypothesis makes sense in the case of taste perception. In this framework, we will focus on peripheral (gustatory receptor neuronlevel) and central (central nervous system-level) taste encoding to analyse the strategies of taste encoding across various insect and mammalian species.
PERIPHERAL TASTE ENCODING (a) The case of insects
The fruitfly Drosophila melanogaster is one of the organisms for which much information has been gained in the last years concerning the neural basis of taste [13, 14] . For this insect, the notion of basic tastes prevails, based on the characterization of molecular gustatory receptors. Sixty-eight gustatory receptors (DmGrs, where DM stands for Drosophila melanogaster and Grs for the molecular taste receptors) encoded by 60 genes through alternative splicing have been identified in the fruitfly [15] [16] [17] . These encode putative heptahelical 7-transmembrane proteins but it is not clear whether the resulting gustatory receptors signal through G-proteindependent second-messenger cascades or operate as ligand-gated ion channels. Recently, DmX, a gustatory receptor of the fruitfly tuned to detect a natural toxic molecule, L-canavanine, has been explicitly identified as a G-protein-coupled receptor [18] . Interestingly, this DmX receptor has partially diverged in its ligandbinding pocket from the metabotropic glutamate receptor family and is not related to the Gr family. The expression of the DmX receptor is required in bittersensitive gustatory receptor neurons, where it triggers the premature retraction of the proboscis, thus leading to the end of food searching and food aversion.
Another interesting class of receptors has been recently discovered in the fruitfly, the ionotropic receptors (IRs) [19] , which are expressed in appendages where gustatory receptor neurons, but also olfactory receptor neurons, are located. These receptors constitute a family of ionotropic glutamate receptors (iGluRs) which do not belong to the well-described kainate, aamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) or N-methyl-D-aspartate (NMDA) receptor classes of iGluRs, and which have divergent ligand-binding domains that lack their characteristic glutamateinteracting residues. IRs are expressed in a combinatorial fashion in sensory neurons that respond to many distinct odours but do not express either insect odorant receptors or gustatory receptors. It has been proposed that IRs constitute a novel family of chemosensory receptors [19] , which would be involved in fast-odour signalling [20] . However, their role in gustation cannot be excluded, in particular, because iGluRs are involved in peripheral chemosensing of amino acids in bacteria [21] .
Some of the fruitfly's gustatory receptors (Grs) have been linked to specific gustatory stimuli. For instance, Gr5a has been associated with sweet taste as it responds specifically to trehalose and is expressed in most sugar-responsive gustatory receptor neurons [22] [23] [24] [25] . Similarly, Gr64a is involved in the detection of other sugars including sucrose, glucose and maltose [26, 27] . Gr66a, on the other hand, has been associated with bitter taste as it responds to caffeine and its mutation eliminates caffeine-avoidance behaviour [25, 28] . Similar results (inability to respond to caffeine (a) Labelled-line: each molecular receptor has a very limited molecular receptive range, i.e. it is activated by a single (or very few) taste(s). Two different tastes, A and B, are each detected by only one molecular receptor, which activates only one gustatory receptor neuron (in black). Differentiation between A and B does not need further processing, but only five different tastes can be thus coded. (b) Acrossfibre pattern: each molecular receptor has a much broader molecular receptive range, i.e. it can be activated by a range of different tastes. The five different molecular receptors have different-but broad-receptive ranges. In our example, taste A will activate several gustatory receptor neurons, although with different intensities depending on the receptor neuron. Receptor neuron 2 will be highly activated by taste A, but only slightly by taste B. Receptor neuron 3 shows the opposite response profile. Among the other gustatory receptor neurons, some will be equally activated by the two tastes (receptor 4), others will show a contrasted response (i.e. responding to A but not to B; gustatory receptor neuron 1), while others will not be activated at all by either taste (gustatory receptor neuron 5). This system allows the fine coding of many tastes, but differentiation among tastes needs additional downstream processing as the representation of each taste is contained in the combination of activations of the different neuronal units. and to theophyline) were obtained upon mutations in Gr93a, which is co-expressed with Gr66a [29] . Flies also possess a taste for carbonated water. A population of neurons was identified which detects CO 2 in water and mediates taste-acceptance behaviour [30] .
Using neurogenetic methods available in Drosophila, it has been possible to determine that gustatory receptor neurons expressing Gr5a respond to a broad spectrum of sweet substances, while gustatory receptor neurons expressing Gr66a respond to a broad spectrum of bitter substances [25] . A genetically encoded calcium sensor, G-CaMP (see figure 2 legend), was expressed in gustatory receptor neurons of the fruitfly, whose activity was then measured upon stimulation of the proboscis by application of a wide-pore pipette filled with taste solutions. Thus, taste-induced activation of gustatory receptor neurons, which results in calcium increase, could be visualized in terms of fluorescence changes. Besides trehalose, receptor neurons expressing Gr5a also respond to arabinose, fructose, galactose, glucose, maltose and sucrose (figure 2, green bars) while receptor neurons expressing Gr66a responds to caffeine but also to aristolochic acid, berberine, azadirachtin, limonin, lobeline, papaverine, quinine, quassin and denatonium benzoate (figure 2, red bars). Furthermore, other gustatory receptor neurons expressing different Grs (Gr32a and Gr47a) exhibit practically the same profile of responses to a variety of bitter substances as Gr66a receptor neurons. Given the structural differences between these compounds and the fact that receptor neurons with different Grs exhibit similar response profiles to a broad spectrum of bitter substances, the idea that taste receptor neurons in the fly are specifically tuned to single molecules is doubtful. This may be owing to the fact that Gr5a cells and Gr66a receptor neurons coexpress other molecular receptors whose tuning may differ from Gr5a and Gr66a molecular receptors. For instance, the Gr5a molecular receptor, reported as a trehalose receptor [22, 24] , is coexpressed with another molecular receptor, Gr64f, which is broadly required for the detection of most sugars. Gr64f may also be coexpressed with Gr64a, which appears to be tuned to detect other sugars, such as sucrose, glucose and maltose [27] . Thus, combinations of Gr5a/Gr64f and Gr64a/Gr64f may enhance the spectrum of responsiveness to sugars of a single gustatory receptor neuron [31] .
In speaking about labelled lines, what counts is not the specificity of a molecular receptor but the specificity of the message conveyed by a gustatory receptor neuron to the higher order gustatory centres in the central nervous system. In the periphery of the fruitfly, therefore, tastant detection seems to be organized according to labelled lines segregated, not in terms of single molecule specialization, but in terms of the hedonic value of the tastants (e.g. aversive versus appetitive). Gustatory receptor neurons tuned to respond to bitter substances mediate aversive behaviours, while gustatory receptor neurons tuned to respond to sweet substances mediate appetitive behaviours [25] . If the mammalian molecular receptor for capsaicin, TrpV1, is expressed in Gr66a receptor neurons, flies exhibit aversion towards capsaicin, while expressing it in Gr5a receptor neurons results in preference for capsaicin. Similar tendencies are found if an olfactory molecular receptor is expressed in these cells: the odorant becomes attractive if its molecular receptor is expressed in Gr5a receptor neurons, while it is rejected if its molecular receptor is expressed in Gr66a receptor neurons [32] .
This organization may not be shared by all insects as different lifestyles may lead to dramatic modifications of the gustatory repertoire. In the case of the honeybee, for instance, experiments performed with harnessed bees in the laboratory could not find clear evidence for bitter taste perception until now [33] . Electrophysiological as well as behavioural analyses performed on several gustatory appendages have shown that bees in the laboratory are quite insensitive to bitter substances [34] and even consume important quantities of them despite their high concentration, toxicity and resulting mortality [35] . However, when tested in free-flight conditions, bees exhibit avoidance of highly concentrated bitter substances thus suggesting that gustatory thresholds may dramatically vary with the experimental situation and the possibility of expressing avoidance in an overt way [36] .
Interestingly, the honeybee presents only 10 gustatory receptor genes, a finding that has been interpreted as an indication of a limited gustatory world [37] . None of these receptors share homologies with the bitter-tuned gustatory receptor gene Gr66a of the fruitfly. Although the ligands of the honeybee gustatory receptor neurons have not yet been identified, the dramatic difference existing between bees and flies in gustatory receptor genes underlines the necessity of comparative studies on insect gustation. Clearly, focusing on a single species, even if it allows using state-of-the art techniques for molecular receptor characterization at different levels, will not allow understanding per se the logic of taste perception.
What happens if one follows the projections of gustatory receptor neurons to central taste-processing organs in the fruitfly? Marella et al. [25] traced the projections of gustatory receptor neurons to the suboesophageal ganglion (SOG), the first relay in the central nervous system for the processing of taste information in insects. They found that different gustatory receptor neurons show segregated projections in the SOG, with neurons expressing Gr5a projecting lateral and anterior to projections of neurons expressing Gr66a. Marella et al. [25] concluded that there is a spatial activity map of different taste modalities in the fly brain that corresponds to the anatomical projections of Gr5a and Gr66a receptor neurons. Imaging taste responses in the SOG by expression of an exogenous ligand-gated ion channel showed that activation of Gr5a receptor neurons drives acceptance, while that of Gr66a receptor neurons drive rejection behaviour [25] . Although the spatial segregation of projections of receptor neurons seems to support the labelled-line hypothesis, this is not necessarily the case: such a spatial segregation refers to the receptor neuron level but not to secondorder neurons.
(b) The case of mammals Although insects and mammals diverged from a common ancestor in the Cambrian, 550 Ma, common principles can be identified between these phyla in the organization of their gustatory system [6] . Studies on taste detection in rats have yielded the notion that tastant quality is mediated by labelled lines defined by distinct and strictly segregated populations of taste receptor cells. Such cells are endowed with either heteromeric G-coupled receptors assembled by combinatorial arrangement of T1R1, T1R2 and T1R3 subunits or T2R receptors [6] . T1R3 combines with T1R2 (T1R2 þ 3) to form a sweet taste receptor that responds to all classes of sweet tastants. Thus, cells expressing T1R2 þ 3 are the sweet-sensing receptor cells [38] . On the other hand, T1R1 and T1R3 molecular receptors combine to form a broadly tuned amino acid taste receptor at the basis of umami sensations. Thus, cells expressing T1R1 þ 3 are umami-sensing cells. Bitter taste is mediated by T2R molecular receptors [38] . T2R genes are selectively expressed in subsets of gustatory receptor cells distinct from those containing sweet and umami receptors. A large number of T2Rs have been shown to function as bitter taste receptors in heterologous expression assays [38] and several have distinctive polymorphisms that are associated with significant variations in sensitivity to selective bitter tastants in mice [39] , chimpanzees [40] and humans [41] .
Salt is detected by various mechanisms, one of which is mediated by the sodium channel ENaC [42] , while the membrane-tethered carbonic anhydrase CA IV is required for carbonated taste [43] . Sour tastes are mediated by a member of the transient receptor potential ion-channel family, PKD2L1 [44] . This molecular receptor is selectively expressed in a population of gustatory receptor cells distinct from those mediating sweet, umami and bitter tastes. Genetic ablation of PKD2L1-expressing cells produced animals that lost sour taste [44] . These results indicate that the PKD2L1 ion channel is the candidate mechanism involved in the sour taste detection.
Variations in the peripheral coding of these basic tastes-sweet, umami, bitter, salty and sour-are present in some mammal species. Cats, for instance, carry a naturally occurring deletion in their T1R2 gene, which explains why Felidae do not respond to sweets [45] . In fact, the specificity of the sweet receptors differs among carnivore species that vary substantially in dietary habits. In the case of cats and dogs, for instance, difference in dietary habits is reflected in the different functional states of the T1R2 molecular receptor for sweet taste. Dogs are omnivores and have a functional T1R2 receptor gene, whereas cats are obligate carnivores and do not have such a gene [45] .
As in Drosophila, gustatory receptor neurons tuned to respond to bitter substances mediate aversive behaviours, while gustatory receptor neurons tuned to respond to sweet substances mediate appetitive behaviours. For instance, spiradoline is a synthetic opiate that is tasteless to mice; however, expressing a spiradoline molecular receptor in gustatory receptor neurons responding to sweet substances results in attraction to spiradoline [46] while expressing the same molecular receptor in gustatory receptor neurons responding to bitter substances results in aversion towards spiradoline [47] .
CENTRAL TASTE ENCODING: HEDONIC VALUE OF TASTANTS AS BASIC ENCODING
Do neuronal responses to taste follow the same organizational principle as gustatory receptor neurons in the central nervous system? In mammals, many central gustatory neurons exhibit a strong response to a specific tastant but are also able to respond to other tastants. Both narrowly and broadly tuned gustatory neurons can be found at every stage of the mammalian central gustatory pathways, which suggests that labelled-line and across-fibre pattern coexist as coding mechanisms [48] . Recent studies performed on central processing of taste in the rat have provided a clearer picture in which an organized form of acrossfibre pattern seems to be present [49] . In mammals, the process of encoding chemical information into taste perception extends from the receptor level to the primary gustatory cortex and to other multimodal areas [17, 50] . Imaging the gustatory cortex upon gustatory stimulation in rats showed that the four different tastes tested (salty, sour, sweet and bitter) are represented by specific spatial patterns containing both distinct and overlapping regions, which can account for both labelled-line and across-fibre pattern processing of taste, respectively (figure 3). Quantifying the overlap between different taste representations allowed the emergence of two groups of stimuli, related to what can be defined as the appetitive (or hedonic) value of the stimulus itself. Higher overlap values were found between NaCl and sucrose, associated with good nutrients, or between quinine and citric acid, associated with noxious substances. This may suggest a possible additional level of spatial organization representing a taste's hedonic value: a pattern for attractive and a pattern for aversive stimuli [49] . In associated behavioural tests, it was shown that it was possible to associate the positive or negative hedonic value of a given taste with the cortical patterns elicited by each taste in the imaging experiments [49] . These imaging results suggest that the hedonic value of the tastes (palatable versus non-palatable) corresponds to a neural classification principle, far beyond a pure labelled-line strategy. Thus, these imaging studies [49] indicate that an across-fibre pattern, evinced through overlapping of activation areas between tastes (see yellow areas in figure 3c), coexists with specific maps for each taste category in the gustatory cortex. Thus, while taste-specific maps would allow differentiation of tastes within a hedonic category, their grouping in a common region would label them with a hedonic value. Again, the kind of neural interaction leading to the emergence of such hedonic maps remains unclear.
Even more unclear are the neural interactions underlying the experience-dependent reorganization of such taste maps in the rat gustatory cortex. Associating a sweet taste with a visceral malaise leads to a plastic rearrangement of its cortical representation, becoming more similar to a bitter and unpleasant taste representation [51] . Thus, an internal state of malaise induces a plastic reshaping in the gustatory cortex, which is translated into a behavioural shift of the stimulus hedonic value [51] . This cortical reshaping considerably challenges the labelled-line hypothesis as it is difficult to reconcile with a rigid linear transmission of taste information from the periphery to the central nervous system. It rather supports the notion that taste information is subjected to considerable processing that reshapes the original message in its way to higher order centres.
Are taste-encoding principles similar in insects and mammals at the central level? In the larva of Drosophila, neurons expressing the gene hugin, which arborize in the SOG, are closely related with gustatory receptor neurons expressing Gr66a [52] and may act as second-order neurons for these receptor neurons [53] . While silencing Gr66a results in flies accepting bitter substances (see above), eliminating hugin lowers the threshold for initiating feeding. In other words, blocking hugin neurons would not influence the choice of food but rather the decision to begin feeding on a certain food. Which kind of interaction exists between projection of neurons expressing Gr66a and hugin neurons in the SOG remains to be determined. Thus, characterizing the computation Figure 2 . Gr5a cells respond to a broad spectrum of sugars and Gr66a cells respond to a broad spectrum of bitter substances in the fruitfly Drosophila melanogaster. G-CaMP, a circularly permutated green-fluorescent protein (GFP) linked to calmodulin (CaM) and a CaM-binding peptide, was expressed in taste neurons. Upon neural activation, CaM binds the peptide in the presence of calcium and promotes GFP fluorescence, with fluorescence increasing as a function of calcium concentration. Fluorescence changes (%DF/F ), which indicate changes in neural activity, are shown for Gr5a cells (green) and Gr66a cells (red) to 23 substances. Gr5a responses were compared with the Gr5a water response, and Gr66a with the Gr66a water response (Student's t-test, ***p , 0.005, **p , 0.01, *p , 0.05). Ten brains were monitored for each stimulus/genotype. Error bars are s.e.m. Adapted from Marella et al. [25] .
processes performed by second-order neurons on receptor input is a priority that needs to be addressed to determine whether beyond peripheral taste detection, an across-fibre pattern model or a spike timing model (in which the precise pattern of action potentials that communicate taste quality) accounts for central taste coding in insects.
In that sense, electrophysiological studies performed in the desert locus Schistocerca migratoria [54, 55] provide fundamental information as they report how tastes detected by gustatory receptor neurons on the hind legs are encoded by a population of interneurons of the methathoracic ganglion (MG). Previous studies on fleshflies Sarcophaga bullata [56] and the locust Locusta migratoria [57] have reported single-neuron recordings performed either at the level of the SOG (fleshflies) or the MG (locust) but they did not perform a systematic testing of a broad spectrum of tastants so that the gustatory response profiles of these neurons was unclear. On the contrary, Rogers & Newland [55] focused on spiking interneurons located in the midline of the MG and analysed their responses upon stimulation of gustatory receptor neurons of the locust hind leg with various tastants. These gustatory receptor neurons send their afferents to the MG and contact the spiking interneurons of the midline of the MG [54] . These interneurons responded differently to various tastants such as NaCl, water, sucrose and nicotine hydrogen tartrate (NHT), thus showing that there is convergence of a large number of taste qualities onto the same interneurons [55] . Furthermore, the response durations of these interneurons are a function of chemical identity and concentration. Thus, at first sight, spiking interneurons of the MG are broadly tuned to different chemical stimuli in a manner consistent with across-fibre pattern coding. However, contrary to assumptions of the across-fibre pattern theory, spiking interneurons of the locust MG showed all the same response profile instead of exhibiting broad but different, overlapping response profiles ( figure 1) . Indeed, the seven interneurons recorded responded highly to the deterrent substances NHT and NaCl at a high concentration (250 mM), while showing a low response to attractive sucrose and water. Rogers & Newland [55] affirm that this response profile is inconsistent with a system that is concerned with establishing chemical identity because, for instance, water could not be distinguished from sucrose or NHT from NaCl. They propose instead that the duration of response to different chemicals provides a direct measure of aversiveness because the relative size of the neuronal response of spiking local interneurons and motor neurons correlates strongly with behavioural withdrawal responses. One could, in fact, push the argument further and state that what spiking interneurons in the MG of the locus encode is the hedonic value of the tastants perceived. Firstly, although all neurons recorded in the midline of the MG showed the same response profile, the number of neurons recorded upon stimulation with NaCl, water, sucrose and NHT was low so that further recordings could show different profiles. Secondly, neurons in other regions of the MG may also show coincident response profiles but different from those of the MG midline, responding more, for instance, to appetitive rather than to aversive substances. In any case, the idea of having a central hedonic coding is present in the work of Rogers & Newland [55] who stated that local circuits in the MG 'mediate motor responses that differentiate between acceptable and unacceptable, and a neural representation of this appears fully apparent at an early synaptic stage of chemosensory integration'. Intracellular recordings from central gustatory neurons in the SOG of the moth Heliothis virescens combined with fluorescent staining have recently revealed a large diversity of neurons responding with varying tuning breadth to sucrose, quinine, water and mechanosensory stimuli applied to the antennae, proboscis and right tarsus [58] . The integration of information across stimuli and appendages contradicts a simple labelled-line mechanism in the central nervous system for coding identity and location of taste stimuli. Instead, responses recorded suggest a population coding mechanism in which information is represented by distinct activity patterns in partly overlapping populations of SOG neurons [58] . With just one appetitive (sucrose 1 M) and one aversive stimulus (quinine hydrochloride 0.1 M) tested, it is difficult to determine whether or not a spatial form of hedonic coding can be found in the SOG of the moth H. virescens [58] . Further studies should analyse whether the moth's SOG presents a hedonic spatial, organization.
A COMPARATIVE ANALYSIS OF TASTE PERCEPTION
The fact that hedonics seems to be a guiding principle in the organization of the gustatory system raises the question of whether neural architectures allowing such encoding originate from a common ancestor or whether they represent cases of parallel evolution. So far, answering these questions is difficult given the lack of enough data allowing across-species comparisons. In that sense, even if model organisms such as the fruitfly and the rat paved the way of gustatory research, we should keep in mind that they offer a rather narrow view on the multiplicity of neural solutions that may underlie the neural processing of tastes. In that sense, focusing, either for commodity reasons or for pressures imposed by current scientific policies, on a couple of model species may be misleading as it might lead to loss of the evolutionary perspective necessary for interpreting the logics of a sensory system.
In insects, for instance, the honeybee seems to differ dramatically from the fruitfly in its gustatory repertoire [33, 37] . As mentioned above, the bee possesses fewer gustatory receptors (10 versus 68 in the fruitfly; [37] ). Is it because bees have a lifestyle in which sucroseassociated taste of nectars is over-dimensioned so that other taste modalities have been lost? This hypothesis seems too simplistic: bees collect pollen and vegetal resins and these tasks could provide an adaptive framework for perceiving bitter substances and amino acids.
Thus, the study of gustatory coding and perception should be enlarged to other species in order to answer questions on particularities and commonalities of functional principles and underlying neural architectures. What is nevertheless interesting is that, despite our limited dataset, insects and mammals seem to use a common principle for coding tastes at the central level: the segregation of tastes in terms of their hedonic value. This may be associated with the fact that organisms with different evolutionary histories are nevertheless confronted with the same problem: distinguishing palatable from non-palatable food items. This distinction is crucial for individual survival as non-palatable items are usually associated with toxicity and mortality. In that sense, taste encoding would follow a basic principle of the nervous system that is present across phyla, which is the capacity to encode in an unambiguous way the positive (appetitive) and negative (aversive) experiences. Dedicated neural systems exist to this end both in insects and mammals. In insects, for instance, appetitive reinforcements are signalled through the activity of octopaminergic neurons [59] [60] [61] [62] while aversive reinforcements are signalled through dopaminergic neurons [61] [62] [63] [64] [65] [66] . In mammals, dopaminergic activity underlies appetitive reward systems and dopamine neurons are said to encode the prediction error of rewarding outcomes [67] [68] [69] [70] [71] but no specific punishment neurotransmitter system is Review. Taste processing in animals G. de Brito Sanchez & M. Giurfa 2177 known. A critical question is if and how these reinforcement systems, positive and negative, interact-when present-with gustatory pathways to instruct gustatory processing circuits about the hedonic value of tastes. Such interaction, if any, would support the idea that the hedonics could grow out (at least in part) of the message conveyed by reinforcement neurons upon taste perception. In other words, a concomitant activation of a negative reinforcement neuron upon taste perception would result in a negative labelling of that taste. In the olfactory system of honeybees, this labelling has been clearly demonstrated. Any odour paired with the artificial activation (through intracellular current injection via an electrode) of an octopaminergic, reinforcement neuron called VUMmx1 (ventral unpaired median neuron of the maxillar neuromere 1) acquires a positive value and is therefore learned as an appetitive stimulus ( [72] , see [73] for review). In the fruitfly, similar results have been found for aversive learning: optophysiological [65] or temperature-dependent [66] activation of a specific subset of dopaminergic neurons upon odour stimulation leads to the formation of odour-aversive memories and therefore to the avoidance of the odour that was learned as an aversive stimulus.
Interactions between the gustatory pathways and reinforcement pathways have not been explored so far. Do these two pathways converge already at the peripheral level to facilitate fast hedonic classification of taste, which would be important for survival? Are they confused so that neurons tuned to respond to aversive tastes release a negative-reinforcement neurotransmitter to further signal the negative experience? Do these two systems share similar topologies at the central level? If yes, are there several classes of reinforcement (e.g. dopaminergic) neurons, among which particular classes would be dedicated to the gustatory system? Answering these and other questions, i.e. understanding how and where in the brain interactions between gustatory and reinforcement processing do occur, is therefore a research programme in which across-species comparisons should play a fundamental role.
CONCLUSION
The labelled-line design of the gustatory periphery remains uncontested, both for insects and mammals, as convincingly illustrated by the recent genetic and physiological data. Whether the labelled-line principle is carried on or not to higher taste centres remains unknown. On the one hand, it can be argued that a labelled-line organization of higher pathways cannot be ruled out a priori, given that basic taste qualities such as sweet, sour, bitter or salty are not only recognized by different receptor neurons, but represent clearly distinct perceptual entities, at least in humans. On the other hand, the facts that taste is encoded in broad hedonic categories and that even the hedonic value of a taste may change as a result of experience argue against the validity of the labelledline hypothesis when it comes to the central processing of taste.
The study of interactive population coding in central areas related to taste processing has still a long way to go [74] . Characterizing such interactions will provide the necessary framework for a complete understanding of the functioning of taste networks. Gustatory responses in the taste cortex of rats are dynamic. Indeed, chronic recordings in active, tasting rats uncovered slower dynamics but also oscillations [75] in the gustatory cortex, a region rife with inhibitory cross-talk based on GABAergic transmission [76] . These oscillations, however, are apparent only when rats are not engaged in taste processing. These and other results show that the emergence of taste sensations at the central level is complex and rather distant from a labelled-line coding strategy. In the case of insects, no study has determined so far how taste is encoded by higher order neurons at the level of the SOG. Single-cell recording combined with multi-electrode and imaging recording methods may allow progress in our understanding of central taste processing.
We conclude that the labelled-line hypothesis can eventually account for peripheral processing of taste as sensory neurons can be tuned to basic tastes, but we argue that it is critical to unravel the neural processing of tastes occurring at the central level focusing on interactive neural population coding.
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